Abstract Kawasaki disease (KD) is an acute systemic vasculitis syndrome that primarily affects infants and young children. The cause of KD is largely unknown, but its higher incidence in the Asian population and increased risk in patients' families suggests the existence of underlying genetic factors. To determine the loci of a susceptibility gene for KD, a genomewide linkage analysis with affected sib pairs was performed on 78 family samples collected from all over Japan. Multipoint linkage analysis using MAP-MAKER/SIBS 2.0 identified evidence of linkage on 12q24 [maximum lod score (MLS) = 2.69]. Possible linkage (MLS > 1.0) was also found on 4q35, 5q34, 6q27, 7p15, 8q24, 18q23, 19q13, Xp22, and Xq27. This is the first large-scale study of the genetic susceptibility to KD, and our results, combined with the accumulated knowledge of the human genome, could greatly promote research on identification of the molecular pathogenesis of KD.
Tomisaku Kawasaki. It is a self-limiting vasculitis syndrome that affects systemic small and medium-sized blood vessels. The symptoms include prolonged fever, nonsuppurative cervical lymphadenitis, and changes in the skin and mucous membranes, such as rash; edema; conjunctival injection; erythema of the oral cavity, lips, and palms; and desquamation of the fingertips (Kawasaki 1967; Burns 2002) . Although the incidence has been dramatically lowered by introduction of highdose immunoglobulin therapy, 15-20% of untreated patients and patients resistant to the therapy develop serious, sometimes life-threatening, cardiac sequelae associated with coronary artery aneurysms (Kato et al. 1975) . In Japan, approximately 0.08% of patients die in the acute phase of the disease, mostly due to cardiac complications (Yanagawa et al. 1998) . Furthermore, patients with cardiac sequelae have an increased risk of ischemic heart disease that may lead to myocardial infarction and sudden death (Kato et al. 1996) . Currently, KD is the most common cause of acquired heart disease in childhood in the developed countries. Despite intensive study over more than 35 years, the etiology of the disease has not been clarified. In Japan, 18 nationwide epidemiologic surveys of KD have been carried out biennially from 1970 to the present. These surveys have revealed several important features, such as: (1) unidentified infectious agent(s) appear to play some role, (2) siblings and offspring of KD patients are at higher risk of the disease (Fujita et al. 1989; Uehara et al. 2003) , and (3) male predominance of its occurrence (male:female ratio 1.4) and cardiac complications (Yanagawa et al. 1998 ). These features strongly indicate the existence of genetic factors that determine the susceptibility and severity of KD, in addition to any environmental factors. A possible mechanism of KD onset would be a genetically determined exaggerated immune response triggered by some unknown infection. Thus, identification of genetic factors would greatly facilitate understanding of the disease etiology and pathophysiology. We conducted a nonparametric genome-wide linkage analysis on 78 Japanese affected sib pairs (trios), and several candidate gene loci have been identified.
Materials and methods

Family samples
Siblings affected with KD were recruited nationwide for this study. All patients were diagnosed by pediatricians according to the criteria established by the Japan Kawasaki Disease Research Committee (http://www.kawasaki-disease.org/diagnostic/index.html). Genomic DNA was extracted from peripheral blood leukocytes or Epstein-Barr-virus-transformed lymphoblastoid cell lines. The Ethical Committee of the Institute of Medical Science, the University of Tokyo and RIKEN approved the study, and all parents gave written informed consent.
Markers and genotyping
Microsatellite markers from the ABI Linkage Mapping Set MD-10 (Applied Biosystems, Foster City, CA, USA) were used for screening, and genetic mapping information on these markers was obtained from the web site of the Whitehead Institute (http:// www.broad.mit.edu/cgi-bin/contig/phys_map). The allele frequencies and heterozygosity of these markers in the Japanese population have already been described (Ikari et al. 2001) . Markers whose heterozygosity has been determined as less than 0.60 in the Japanese population were substituted with alternative ones. To avoid the problem of population stratification, data analyses were conducted with allele frequencies of the markers in founders of the sib pairs. The total number of markers was 399 and the average interval 9.9 cM. Polymerase chain reactions (PCRs) for genotyping were performed by the method described previously (Ikari et al. 2001) . Pooled PCR products were mixed with GeneScan 500 LIZ Size Standard, and electrophoresis was performed on ABI 3700 capillary DNA sequencers (Applied Biosystems) according to the manufacturer's protocol. Genotyping for each individual was performed using ABI GeneScan 3.5.2 and Genotyper 3.7 software (Applied Biosystems). Inconsistency within families was ruled out using the Checkfam program (http://www.genstat.net/checkfam/ index.cgi?lang=ja).
Detailed mapping of a locus in 12q24
To obtain more information on a locus around the linkage peak in 12q24, we introduced three markers, one already known and two newly identified (Table 1) . Primers used for amplification of these markers were as follows: D12S366F 5¢-AAATACAGAGAATTG 
Statistical analysis
The power of affected sib pair test was calculated using the previously described method (Risch 1990 ). Both single and multipoint nonparametric linkage (NPL) analyses for all genotype data was performed using the MAPMAKER/SIBS 2.0 program . Calculations of the identity by descent (IBD) distribution were conducted every 1.0 cM in the multipoint analyses. In the analyses, family members who had no obvious history of KD were treated as unknown as to whether they were affected. The program was also used to estimate information content. NPL scores and P values were calculated with the GENEHUNTER 2.1 program (Kruglyak et al. 1996) ; the sex-linked mode of MAPMAKER/SIBS and GENEHUNTER 1.3 program were used for the analysis of chromosome X. Results A total of 79 families including 75 full sib pairs, three sib trios, and one half sib pair were collected; samples from the half sib pair were not employed in this study. In 48 families, samples of either or both parents were available. Samples from unaffected siblings were also obtained in ten families (Table 2 ). The geographical distribution of patients recruited in this study as affected sib pairs is displayed in Fig. 1 . The result of the power calculation of sib pair analysis is summarized in Table 3 . According to this result, detection of suggestive linkage could be expected at loci with ks larger than 3.0 with an acceptable power (> 0.80). Average
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Discussion
KD is basically a self-limiting febrile illness that mainly affects infants and children. The most plausible trigger of KD, as determined from clinical features, epidemiologic profiles, and laboratory findings, would be some unknown infection(s). Several candidate infectious agents have been isolated from specimens of KD patients in the acute phase (Tsurumizu et al. 1991; Leung et al. 1993 ), but to date, no agents have been confirmed by the subsequent studies. Since 1967, when KD was first reported by Kawasaki in Japan (Kawasaki 1967) , much effort has been directed toward clarification of the pathogenesis and pathophysiology of the disease, but no therapeutic or preventive strategy based on etiological evidence has been developed. On the other hand, epidemiologic studies have shed light on the genetic aspects of KD as
124 cM D15S128  D15S1002  D15S1048  D15S1007  D15S1042  D15S978  D15S117  D15S153  D15S131  D15S205  D15S127  D15S120   103 cM  114 cM   D16S423  D16S404  D16S3075  D16S3017  D16S3046  D16S3068  D16S3136  D16S415  D16S503  D16S515  D16S516  D16S3091  D16S520   128 cM   D17S849  D17S831  D17S938  D17S1852  D17S947  D17S921  D17S925  D17S1872  D17S1868  D17S787  D17S948  D17S949  D17S785  D17S784  D17S928  D18S59  D18S63  D18S452  D18S1153  D18S53  D18S478  D18S1102  D18S474  D18S64  D18S68  D18S61  D18S1161  D18S462  D18S70 123 cM One is an ethnic difference in disease prevalence: in Hawaii, increased prevalence in the Japanese American population has been observed (Dean et al. 1982) . The other is familial aggregation of the disease: the relative risk of siblings (ks) for KD is about ten, and two-generation KD patients have been observed more frequently than expected (Fujita et al. 1989; Uehara et al. 2003) . These findings clearly indicate the existence of some genetic factor(s) responsible for susceptibility to the disease. However, no multigenerational family suggesting a distinct inheritance pattern has been reported during the almost 40 years since KD was identified. Hence, we employed an NPL method in this study. As shown in Table 3 , the observed linkage peaks were almost concordant using the two analysis methods. However, we considered that the utmost care was needed in the interpretation of NPL scores in this study. In contrast to the affected sib pair analysis, the affection status of all relatives analyzed is reflected in the NPL score. Although correct information from the parents of their history of KD in childhood is essential, no such record was available. Thus, it is possible that unrecognized patients exist in the parents and the NPL score was underestimated. The strongest evidence of linkage was observed in the 12q24 region (MLS = 2.69, NPL = 2.64, P = 0.0043). The level of likelihood of the region surpassed the threshold of suggestive linkage for genomewide sib pair analysis of complex trait (lod = 2.2) . To achieve precise calculation of shared alleles identical by descent (IBD) in sib pair analysis, both collection of as many parents' samples as possible and usage of highly informative markers are important. In this study, we obtained samples of at least one parent from 48 pedigrees. In addition, the information content of the linkage peak on 12q24 was improved by addition and replacement of the markers.
Interestingly, positive linkage results have been reported in several studies on allergic disorders on the very same chromosomal region (Shao et al. 2004; Yokouchi et al. 2002; CSGA 1997) . Together with the fact that children with KD history are at higher risk for allergy (Matsubara et al. 1998) , it is plausible that the responsible gene(s) exists in this loci. As demonstrated in Table 5 , more than a hundred known and predicted genes are located in the 1-lod support interval in this region. We are now searching for the gene variation for KD susceptibility by use of gene expression and linkage disequilibrium data available from public databases.
In terms of KD susceptibility, a significant association between a single nucleotide polymorphisms (SNP) in the IL-4 gene and KD was reported by Burns et al. (2005) . IL-4 is known to be located in the 5q31.1 region, where the so-called cytokine gene cluster exists. Several diseases related to autoimmunity or allergy have already been mapped to this region (Rioux et al. 2001; Palmer et al. 2001) . In this study, although not significant, nominal evidence of linkage was observed in the region (MLS = 0.98, data not shown). IL-12B, located on 5q33.3 region, is one of the most-studied genes as candidates for immune-mediated diseases. In our study, another linkage peak was observed in the 5q33-34 region (Table 3 ). It is possible that variation of the genes associated with such disorders is associated with marked activation of the immune system in acutephase KD.
Another chromosomal region that has frequently been investigated in relation to immune disorders is 6p21, where human leukocyte antigen (HLA) genes are located. The association between HLA and development of KD remains controversial (Barron et al. 1992; Fildes et al. 1992; Kaslow et al. 1985; Krensky et al. 1981 Krensky et al. , 1983 Matsuda et al. 1977) . No evidence of linkage was observed in the 6p21 region in the present study, which might indicate that HLA does not play a major role in terms of KD susceptibility.
Development of a prior prediction method of disease severity and outcome for individual KD patients in the acute phase would be a significant contribution to clinical practice. Responsiveness to immunoglobulin therapy and/or vascular wall fragility to immune insults could be also determined by genetic factors that could predict disease outcome, if clarified. Applying a positional candidate gene approach to the preliminary results of this linkage study, we have already identified an SNP within the CD40 ligand gene on chromosome X that is associated with coronary artery lesions in (Onouchi et al. 2004 ). Although only a few concordant sib pair cases of coronary artery lesions were involved in the present study, other linkage peaks observed may also represent loci for susceptibility to cardiac complication. The present study has revealed ten regions potentially involved in KD susceptibility. This is the first genome-wide genetic analysis for KD. Our findings will facilitate identification of genetic variations associated with KD susceptibility. The accumulation of knowledge on genetic factors should clarify etiology and pathogenesis of the disease and lead to the development of effective therapeutic measures. 
